Introduction
Anterior cruciate ligament (ACL) Injury is a common and potentially traumatic knee jOint injury. Approximately 100 000 ACL inJunes occur annually within the United StatesI, with the majority of these suffered by young healthy individuals. Surgical reconstruction Is often necessary, followed by a difficult and lengthy rehabilitation program 2 . ACL injury also predisposes the patient to signUlcant long-term consequences such as osteoarthritls 3 , Of particular concern is the significant gender disparity in non-contact ACL injury rates. In sports such as basketball, soccer and team handball, for example. women arc reported to suffer ACL Injuries 2-7 times more orten than meolA, With this in mJnd, elucidating the causal factors of ACL injury that are amenable to intervention is paraJTIount, particularly for females, Altered neuromuscular control in females during movements incorporating rapid changes in speed or direction is suggested to increase their risk of ACL injury compared to males 4 ,5. Neuromuscular intervention strategies have thus evolved, aimed at preventing female ACL injuries via modification of what are considered "high-risk" movement patterns 5 ,6 . Recent data indeed suggest that modification of lower limb movement control is possible 6 ,7, The ultimate success of these programs, however, is reliant on accurate determination of which patterns are in fact high-risk.
Neuromuscular predictors of sports-related ACL injuries in women have typically been proposed based on gender comparisons of joint motions during isolated sports movements only8,9,lO. Such studies have afforded greater insight into potential causal factors of ACL injury for each of these movements. It remains unclear, however, as to whether or not neuromuscular predictors of ACL injury are transferable across movements. If these predictors are largely task-specific, then the efficacy of current ACL injury screening protocols, which are typically based on a single movement 5 ,6, will be severely compromised. Similarly, neuromuscular training programs typically target a specific movement, such as jump landing, and it is not yet known whether or not training effects will transfer to other movements linked to ACL injury.
Previous research into gender-specific neuromuscular control and ACL injury risk has also focused almost exclusively on the knee joint 8 . 9 , II. It is increasingly recognised, however, that "high-risk" knee biomechanics may potentiate through altered neuromuscular control elsewhere in the lower extremitylO,I2. Recent studies have begun to address this concern by extending movement analyses beyond the knee joint, but have typically done so for low-risk movements in which ACL injury is either unlikely13,I4, or have limited evaluation to the sagittal plane I5 ,I6.
Considering the above research shortcomings, gender specific 3D kinematic characterisations for the entire lower limb across movements in a single population appear necessary. These data would provide further insight into the potential gender-specificity in causal factors linked to ACL injury, and would facilitate more effective screening of individuals at increased risk of injury due to their demonstrated neuromuscular control. The purpose of the current study, therefore, was to examine gender differences in 3-D hip, knee and ankle kinematics during the stance phase of three previously established high-risk sporting movements; namely, jump-landing, sidestepping and shuttle run tasks, The extent to which observed differences were consistent across movements was subsequently examined,
Materials and MethodS

Subjects
Our previous research comparing male and female knee joint (rotational) kinematic data for sidestepping tasks found that the ratiO of within-group to between-group differences was 0.73 17 . The current study made statistical comparisons of 24 hip (9) . knee (9) and ankle (6) dependent measures, between both genders (2) and movements (3) . A power analysis revealed that to achieve 80% statistical power in the current study with an exploratory alpha level of 0.05, a minimum of eight subjects per group (male and female) were required. Ten female (height =176.0±11.1 cm, weight =76.1±12.4 kg, age =21.1±3.0 y) and 10 male (height =184.7±8.0 cm, weight =81.9±9.8 kg, age =20.2±1.9 y) NCAA Division 1 basketball players were thus recruited for the study. Subjects were also matched across gender for experience (female =1O.5±4.8 y, male = 10.2 ( 5.1 y), being denoted by the number of years participating in organised basketball. Prior to testing, research approval through the Institutional Review Board of the Cleveland Clinic Foundation and written informed consent for all subjects was obtained. Subject inclusion was based on no history of operable lower limb joint injury and a proficiency in performing the sporting movements under investigation.
MethodOlogy
For each subject, hip, knee and ankle joint 3D kinematics were recorded for the right (contact) leg during the execution of three sports-specific movements; namely jump-landing, sidestepping and shuttle running. Subjects performed 10 successful trials for each of the three movement conditions, which required the contact phase of the movement to occur on a force plate (AMTI OR6-5 #4048, Advanced Mechanical Technology Inc) within the field of view of a sixcamera high-speed (240 Hz) motion analysis system (Motion Analysis Corporation, Santa Rosa, CAl. Approach speeds for all trials were required to fall between 4.5 m.s-1 and 5.5 m.s-1 10. These speeds were monitored during testing via a stopwatch over a 3-m distance immediately on the approach side of the force plate, to ensure a minimum of 10 successful trials. Trial speeds were also accurately post-processed as will be described later.
For the sidestep, cutting angles were between 35' and 55' from the original direction of motion, with this range demarcated (with tape) by lines on the floor, originating at the centre of the forceplate. Subjects continued running following sidestep execution for apprOximately five steps, and initial foot contact following the cutting action was required to fall within this prescribed range. For the sidejump, subjects ran and then initiated a jump apprOximately 2 m on the approach side of the force plate. Upon landing on the force plate with the right foot, they pushed-off perpendicular (to the left) to their original direction of motion and landed approximately 1.5 m to the left ofthe force plate centre. For the shuttle run, subjects initiated a rapid direction change immediately following contact with the force plate, such that their new direction of motion was approximately 180' to their original path. Similar to the sidestep, subjects continued running for approximately five steps follOwing the manoeuvre.
For each subject, 21 reflective markers of diameter 24 mm were secured with strapping tape to specific lower limb anatomical locations, similar to that which we have adopted previously18. Attachment sites were shaved and attachment over areas of large muscle mass was avoided to minimise excessive marker movement during initial contact. A static trial was first recorded with the subject standing in the neutral positionlO·1 8 , following which the left and right ASIS, medial femoral condyle and medial and lateral malleoli markers were removed.
Kinematic Model
From the standing trial, a kinematic model was generated by defining five skeletal segments (foot, talus, shank and thigh of the support limb, and the pelvis) and 14 degrees of freedom using Mocap Solver 6.17 (Motion Analysis Corp .. Santa Rosa. California). as described previously10. Specifically. the pelvis was assigned six degrees of freedom (DOF) relative to the global (laboratory) coordinate system. with the hip. knee and ankle joints defined locally and assigned three. three and two rotational DOF, respectively. Joint coordinate axis orientations were such that for the hip joint. flexion. adduction and internal rotation were denoted as positive. At the knee joint. extension, varus and internal rotation were defined as positive. while at the ankle. dorsiflexion and supination were positive lO .
The 3D marker trajectories recorded during the test trials for each subject were processed by the Mocap Solver software to solve for the 14 DOF of the kinematic model at each time frame. Joint excursions for the hip. knee. and ankle were calculated relative to a neutral (zero) position in which all segment axes were aligned 10.19. These data were then low-pass filtered with a cubic smoothing spline with an equivalent cut-off frequency of 20 Hz20. Synchronous 3D ground reaction force data were collected during each movement trial at 1000 Hz with the AMTI forceplate and were used to time-normalise the joint rotation data to 100% of stance. being resampled at 10/0 increments (N= 10I). The stance phase was defined as the time interval in which the vertical force exceeded ION.
Dependent Measures
For each trial, initial contact positions of the eight lower limb rotational DOFs were recorded. A peak stance value was also recorded, with the chosen peak (eg. flexion or extension) being that which deviated the most from neutral. For each subject. the between-trial (n=10) variability demonstrated during stance in each DOF for each of the three movements was also calculated. Specifically. the variance in each DOF across the 10 movement trials was determined at each time-step (n=101). from which the mean standard deviation during stance was obtained. The velocity of the greater trochanter marker X-coordinate (original direction of motion) was also measured for the 10 video frames prior to foot contact. from which approach velocity was calculated10.
Statistical Treatment
Individual trial velocity data were submitted to a three-way ANOVA to verify that gender. movement condition or subject did not influence approach velOCity. with subject nested within movement condition and treated as a random effect. Mean subject-based dependent measures were submitted to a twoway mixed design ANOVA to test for the main effect of gender and interactions between gender and movement condition. with movement condition treated as a repeated measure in each subject. Subject was again nested within movement condition and treated as a random factor. In instances where significant differences between gender and/or interactions between gender and movement condition effects were observed. Tukey post-hoc analyses determined where they occurred. Being an exploratory rather than a hypotheSis-testing study. we chose to test for statistical significance with an alpha level of 0.05. Correlations were quantified between movement tasks for peak knee valgus measures. by computing the Pearson product moment correlation coefficient (r) for the mean subject data values (N=20). Isolated evaluation of valgus data was based on the fact that it has recently been shown to be the primary prospective predictor of non-contact ACL injury risk in females 21 . Gender differences were observed in three peak stance phase kinematic variables (Table 1) . Specifically, females displayed significant increases in peak hip flexion (p =4xlO-3 ), knee flexion (p =3xlO-2 ) and knee valgus (p =lx10-6 ) compared to males (Figure 1 ). Post hoc analyses revealed that gender differences in peak hip flexion and knee flexion were evident only for the shuttle run movement condition. Gender differences in peak knee valgus, however, were evident within all three movements (Table 1 ). Significant interactions between gender and movement condition did not exist for any peak kinematic data comparisons.
Results
Approach
Gender differences also existed in initial contact hip flexion-extension (p =4xlO-5 ), knee flexion-extension (p =2x10-3 ) and knee varus-valgus (p =lxlO-6 ) positions (Table 2 ). Specifically, females had significantly lower hip and knee flexion and greater knee valgus positions at contact compared to males. Gender differences in initial hip and knee flexion positions were again significant within the shuttle run movement condition only, while a gender difference in ..
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Sidejump Figure initial valgus pOSition existed in all three movements. As with peak data measures, no significant interactions between gender and movement conditions were observed for initial contact data comparisons. Movement variability was not different between males and females (Table 3) , and no significant interactions between gender and movement conditions existed for these results (Table 3) . Peak knee valgus angle was highly correlated between all three movements ( Figure 2) , with comparisons of sidestep and sidejump, sidestep and shuttle and sidejump and shuttle yielding correlation coefficients (r) of 0.88, 0.89 and 0.84 respectively.
Discussion
The current study aimed to determine if gender differences evident in 3D lower limb kinematics were consistent across several known high risk sporting postures. A number of studies have assessed gender differences in knee joint kinematics associated with isolated movement tasks, such as jump landingS.13.I5 and cutting and pivoting movements 9 ,1O,17. Our data are consistent with these studies, both in terms of the overall movement patterns observed for these two movements and the associated rotational magnitudes. This appears to be the first time, however, that gender-based kinematic data have been compared for the entire lower limb across several sports movements in a single population, This approach is crucial to determining the transferability of potential gender differences, and thus the effective screening and modification of these differences in the future. This is also the first instance where gender-differences in lower limb motions have been evaluated for shuttle-run tasks. Inclusion of this movement was deemed important considering it combines the deceleration component of jump-landing with the rapid change in direction associated with pivoting tasks, which are both deemed hazardous in terms of ACL injuryI. 4 .
Previous studies have shown individually that women demonstrate larger knee valgus angles than men during sidestep and 9 ,lO,17 and jump-landing tasks s . In the current study, females landed with more knee valgus and demonstrated greater peak valgus compared to males for all three movements tested, with peak valgus data strongly correlated between these conditions. Relatively large knee valgus motions may thus be a common female trait across all sports movements linked to ACL injury. It also appears possible to identity individuals within each gender who conSistently elicit high valgus angles, regardless of the movement task (see Figure 2) .
With joint kinematics being examined for normal movement execution only, it is difficult to make strong inferences regarding causal links to ACL injury. Considering, however, that females also demonstrate an increased risk of sports-related ACL injury compared to males I , it may be that valgus motion is an important component of the underlying female injury mechanism. The recent work of Hewett et al 2I supports this theory, showing prospectively that knee valgus during drop-jump execution predicts ACL injury risk in young female athletes. Further support is provided by computational models that simulate randomly-perturbed sidestepping movements, showing that valgus loads can easily rise to injurious levels during realistic movement control variations IS. If stance phase knee valgus is in fact a generalisable predictor of non-contact ACL injury risk, more simple and time-effective screening programs may be possible to detect abnormal valgus motions speCifically. Prospective examinations of ACL injury risk and lower limb biomechanics for a wider range of movements would provide further insight here and thus appear a worthwhile research endeavour.
While individuals may demonstrate similar valgus motions across movements, it cannot automatically be assumed that this is due to a common underlying neuromuscular mechanism. Anatomical factors such as for example Q angle or valgus alignment, which are known to demonstrate a degree of gender dimorphism, have been proposed as contributors to the increased valgus motions demonstrated by females 4 ,22. We explored this possibility by computing static valgus from the coronal plane projections of hip. knee and ankle joint centres. We found that there was no significant correlation between peak stance phase valgus during movement tasks and the static valgus alignment of the subject (Figure 3 ). Knee laxity should also be considered as another factor common to all movements that may influence peak valgus 23 . We did not collect laxity data on the current test population. and this should be considered in further research. Considering. however. that within-subject. between-trial variations in knee valgus were of similar magnitude as the between-subject variations (see Tables 2.3 ), and that withinsubject changes in anatomy and laxity do not exist. current results strongly suggest that neuromuscular control plays an important role in resultant knee valgus. Regardless. the future success of ACL iqiury prevention strategies may lie in the ability to determine how anatomy. laxity and neuromuscular control interact to produce knee valgus. and ultimately. risk of ACL injury. Females have been shown previously in some studies to land in a more extended position during sidestepping 9 ,l0 and jump landing tasks 15 ,16. It has also been suggested that landing in this position increases the risk of ACL injury in women because of increased anterior tibial shear loads via the resultant action of the quadriceps9,Il,24. In the current study. however. females only landed in a more extended position and demonstrated smaller flexion values during shuttle run movements. This observation suggests that gender differences in hip and knee sagittal plane motions may be dependent both on the population and task/s being tested. This likely also explains why some studies have found females actually elicit increased knee flexion compared to males during similar movements l7 ,25. Thus, if landing in a more extended position increases the risk of ACL injury, it does not appear to be a common female trait across sports movements. Screening of hip and knee flexion-extension patterns as a potential ACL injury mechanism therefore should extend beyond assessment of an isolated movement task.
Increased between-trial variability in sports movement execution has been suggested to increase the likelihood of performing a movement that precipitates high-risk joint posturesl 4 ,17. Between-trial variability data for the hip, knee and ankle in the current case were not different between males and females for any of the movements tested. This observation contradicts our earlier work in which females had increased between-trial variations in out-of-plane knee rotations compared to males during sidestepping tasks IO , 17. Unlike those studies, current data were obtained for experience matched elite level athletes only and hence it may be, as suggested by McLean et al 17 , that movement variability is largely dependent on skill/experience level. Thus, at least for highly skilled basketball players, gender differences in sports-related ACL injury rates do not appear to stem from variability in movement performance. Movement variability cannot be discounted, however, as a contributing factor to the gender disparity in injury rates for other, less skilled populations. Exposing individuals and particularly females within such populations to increased movement specific drills as a means of reducing movement variability may still therefore be warranted.
Potential Limitations
There is recent evidence to suggest that hormonal fluctuations occurring throughout the menstrual phase may influence both knee joint laxity and muscle stiffness measures in females 23 ,26. It is possible that these fluctuations, manifesting in resultant neuromuscular control, may in turn promote similar variations in resultant joint motions. To date, data on such effects are not available. We did not currently account for menstrual cycle phase and hence it is possible that female data may have been confounded by these pre-mentioned effects. If hormonal fluctuations did indeed influence female movement responses, and they were tested at random times within their menstrual cycle, one would expect relatively large inter-subject variations in kinematic data. Female group standard deviation data, however, were typically the same, and in some cases smaller, than corresponding male data (see Tables 1, 2 and 3) . Regardless, the potential contributions of hormonal fluctuations associated with the menstrual cycle to lower limb motions and loads during high-risk movements should be considered in future studies, particularly those focusing within rather than across gender.
A well known problem in calculating accu'rate knee joint kinematics is that valgus and internal rotation are small relative to the flexion-extension motion and therefore easily influenced by minor variations in the definition of the joint coordinate system 27 ,28. This potential for "kinematic cross-talk" may have thus influenced both the reliability and repeatability of out-of-plane rotational data. The critical part of the analysis is the definition of the first (flexion) axis in the knee joint coordinate system. We currently define our knee flexion axis to be aligned with the global (lab) axis during standing, rather than through the epicondylar markers, to exclude variations due to erroneous identification of these landmarks. During the standing reference pose, we align the subject's pelvis and feet with the laboratory coordinate system. This knee joint coordinate system has been used in our recent study that identified knee valgus as a prospective predictor of ACL injury21. This suggests that the resulting valgus measures are reproduCible and useful. Whether this variable represents the "true" anatomical valgus can be debated. In any marker-based study of 3-D joint motion extremity kinematics, the definition of the joint coordinate system and the potential for kinematic crosstalk must be carefully considered when interpreting the results.
